Abstract-This article presents measurement results and models for 60-GHz channels. Multipath components were resolved in time by using a sliding correlator with 10-ns resolution and in space by sweeping a directional antenna with 7 half power beamwidth in the azimuthal direction. Power delay profiles (PDPs) and power angle profiles (PAPs) were measured in various indoor and short-range outdoor environments. Detailed multipath structure was retrieved from PDPs and PAPs and was related to site-specific environments. Results show an excellent correlation between the propagation environments and the multipath channel structures. The measurement results confirm that the majority of the multipath components can be determined from image based ray tracing techniques for line-of-sight (LOS) applications. For non-LOS (NLOS) propagation through walls, the metallic structure of composite walls must be considered. From the recorded PDPs and PAPs, received signal power and statistical parameters of angle-of-arrival and time-of-arrival were also calculated. These parameters accurately describe the spatial and temporal properties of millimeter-wave channels and can be used as empirical values for broadband wireless system design for 60-GHz short-range channels.
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I. INTRODUCTION
A DVANCED wireless systems exploit dimensions of time, frequency, and space to maximize the data rate and system capacity. Design of space-time coding, equalization, adaptive antennas, and rake receiver techniques relies on accurate characterization of the propagation channel. Classical channel models were developed for narrowband systems [1] , [2] . For wireless systems with high data rates and directional antennas, the smallscale fading is more complex to characterize than for omnidirectional and narrowband systems of the past. More advanced channel models which include time dispersion and angular dispersion have also been developed [3] , [4] .
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ments. In the U.S., as much as 5 GHz (from 59 to 64 GHz) is in license-free spectrum. In practice, site-specific prediction techniques, such as ray tracing, are used to model millimeter-wave channels [5] . However, little literature is available to carefully verify the ray-tracing model with high-resolution measurements or to provide detailed angle-of-arrival (AOA) and time-of-arrival (TOA) parameters for the 60-GHz channels. The goal of this research is threefold.
• accurately measure the channel multipath structure by separating multipath components by their AOAs and TOAs; • determine the origin of multipath by relating multipath AOA and TOA to site-specific information; • provide practical values of statistical AOA and TOA parameters for various propagation environments, so the empirical results may be replicated by simulators [6] . Section II presents the experimental setup for the channel measurements. Section III relates the measured channel responses to the propagation environments. Section IV describes the measured AOA and TOA parameters and Section V summarizes this work.
II. MEASUREMENT SETUP

A. Methods to Separate Multipath Components
Multipath components can be classified either by their AOA or TOA. The corresponding channel characteristics can be recorded as a power delay profile (PDP) or a power angle profile (PAP). A PDP records temporal power distribution relative to multipath TOA and a PAP records spatial power distribution relative to multipath AOA. Wideband measurement techniques, such as a vector network analyzer or sliding correlator, are used to resolve multipath by their delay times. However, all measurement systems use a band-limited probing waveform and thus have limited time resolution. Even with the 10-ns resolution used in this measurement campaign, the received signal pulse may still contain several multipath components and thus may fade in a small local area. One method for decreasing local fading while increasing multipath resolution is to use directional antennas at the receiver to separate multipath by space, provided that they arrive from different directions.
Angular separation of multipath components can be achieved by using direction-finding antenna arrays [7] , synthetic aperture radar technique [8] - [10] , or highly directional antennas [11] , [12] . In antenna array systems, multiple antennas are used at the receiver. Signals received at the array elements are weighted and combined to attenuate received signals arriving from outside the desired spatial direction. This technique allows fast measurements of the channel but is prone to mutual coupling among 0733-8716/02$17.00 © 2002 IEEE Fig. 1 . Automated track system [13] .
antenna elements and requires a large number of antenna elements to obtain substantial spatial resolution. Synthetic aperture radar techniques eliminate mutual coupling by using only one antenna that moves into different locations of the array. It produces results similar to an antenna array, provided all measurements are taken within the channel's coherence time. Electronic beamforming techniques, such as direction-finding antenna arrays, require accurate phase measurements and elaborate processing. PAPs can also be measured by mechanically rotating a highly directional antenna. The advantage of mechanically rotating a directional antenna is that no phase information is required to accomplish beam steering. At low frequencies, highly directional antennas have large physical dimensions and present difficulty in mechanical steering. However, at millimeter wave frequencies, miniaturized directional antennas with large gains are small and can be easily rotated.
B. Measurement Procedure
In this measurement campaign, a mechanically steered directional antenna was used to resolve multipath components. An automated system was used to precisely position the receiver antenna along a linear track and then rotate the antenna in the azimuthal direction. The track system is shown in Fig. 1 . The precisions of the track and spin positions are less than 1 mm and 1 , respectively [13] . When a highly directional antenna is used, the system provides high spatial resolution to resolve multipath components with different AOAs. The sliding correlator technique was used to further resolve multipath components with the same AOA by their TOAs. The spread spectrum signal had a RF bandwidth of 200 MHz, which provided a time resolution of approximately 10 ns.
To measure and model different propagation environments, the measurements were taken in various locations (site information is described in Section II-D). At each location, both track measurements and spin measurements were performed as shown in Fig. 2 .
• Track measurements: During a track measurement, the transmitter and receiver antennas are pointed directly The purpose of the spin measurement is to obtain the complete spatial-temporal characteristics of the channel. The general results provide deep understanding of the wave propagation in a local area. The measured results can also be applied to verification of ray tracing channel estimation, position location algorithms, and statistical channel models for both fixed and mobile indoor wireless applications.
C. Antenna Patterns
For this measurement campaign, an open-ended waveguide with 6.7-dB gain was used as the transmitter antenna and a horn antenna with 29-dB gain was used as the receiver antenna. These antennas were chosen to emulate typical antenna systems that have been proposed for millimeter-wave indoor applications, where a sector antenna is used at the transmitter and a highly directional antenna is used at the receiver. Both antennas are The antenna patterns were measured by sweeping the antenna under test in an empty parking lot and plotting the peak received power at each pointing angle. In order to reduce the potential effects of measurement noise, this spin measurement was repeated four times for each antenna to generate an averaged antenna pattern. As an example, the measured and theoretical antenna patterns for the open-ended waveguide are presented in Fig. 3 . The theoretical pattern is based on the E-field integration method and it produces an accurate H-plane pattern in the front hemisphere [14] . The measured antenna pattern agrees well with the theoretical prediction in the front hemisphere. As the measurements show, the leakage into the back hemisphere is negligible (at least 25 dB below the peak power).
D. Site Description
A total of 33 spin and track measurements in eight different locations were measured on the Virginia Tech campus. Locations 5 and 6 were chosen to study NLOS propagation from a hallway to a room and from a room to an adjacent room, respectively. In location 5, the receiver was in a laboratory with dimensions of 11.7 5.1 4.3 m. The transmitter was placed in the hallway. Two different positions were measured. In one position, the transmitter and receiver antennas were separated by a plasterboard wall with metallic studs inside. In the other position, the antennas were separated by the glass door. In location 6, the transmitter and receiver were placed in two adjacent rooms separated also by a plasterboard wall with metallic studs inside. The dimensions of the rooms are 11.7 5.1 4.3 m and 5.1 4.3 4.2 m. For both walls, the metallic studs are separated by 40 cm (16 in).
Locations 7 and 8 were outdoor locations. Location 7 was in a parking lot with no cars. The only possible scatterers were the lamp posts. This location was selected to perform free-space calibration and antenna pattern measurements. Location 8 was near the exterior stone wall of Durham Hall. The transmitter and receiver were placed along the wall with a separation of 2 to 5 m between the antennas. Both antennas were 3.5 m from the wall. The simple propagation environments of locations 7 and 8 were chosen to verify the system performance.
The main rationale of choosing these eight locations was to provide a variety of different propagation scenarios for the measurements and also to provide controllable environments for analysis and site-specific channel modeling.
III. RELATING MULTIPATH STRUCTURE TO PROPAGATION ENVIRONMENTS
A. Power Angle Profiles
This section investigates the correlation between the propagation environments and the multipath AOA. Measured PAPs are imported into the site-map to identify the origin of each multipath component.
Examples of the received PAP results are shown in Fig. 4 for propagation within a room, in Fig. 5 for propagation in a hallway, and in Fig. 6 for propagation into rooms.
The PAPs exhibit strong correlation with the propagation environment. The following observations were made from the recorded PAPs.
• Propagation within a room: As shown in Fig. 4 , when an LOS path exists, the strongest multipath component is always from the LOS direction. The value of the maximum multipath power is given as in decibels per meter in the legend. Powers of the other small multipath components are given in decibels in the polar plots in the figure relative to the maximum power. LOS and the first-order reflected waves contribute the majority of the multipath components (the order of reflection refers to the number of reflections that a multipath component goes through before it reaches the receiver). For example, in the center location 4.2 (as shown in Fig. 4) , there are only three strong multipath components: one is the LOS component, the other two are first-order reflected waves from the side walls. The reflected wave from "wall 2" is 19 dB below the LOS component. The blackboard appears to be a strong reflector. The reflected wave from the blackboard is only 8 dB below the LOS path. There are more multipath components received in the corner locations of the room. In location 4.4, the multipath components consist of LOS component, first-order reflected waves from "wall 2" and the blackboard, and the second-order reflected wave from "wall 2" and the blackboard. Similar analysis was performed for lo- Note that with the increase of the separation distance, the reflected wave components from the floor or ceiling can become significant. The strength of the reflected wave depends on the antenna beamwidth, antenna polarization, antenna heights, the hallway geometry, and the dielectric properties of the reflecting surfaces. Results from [17] show that, at 60 GHz, the reflection coefficient for typical floor is roughly 0.3 for incident angles less than 10 . Using this result and our measurement setup, the estimated power of the reflected wave from the floor is at least 16 dB and 14 dB below the LOS component at separations of 50 m and 60 m, respectively. When the receiver antenna is sweeped in azimuth, these reflected waves are added to the LOS power at zero degree of AOA. The effects of these reflected waves are thus negligible. At distances less than 50 m, the effects are even smaller.
• Propagation through walls: Fig. 6 shows the measurement results for NLOS propagation into rooms. In both locations, the radio wave propagates through a composite wall with metallic studs. Results indicate that the metallic studs have strong impact on the millimeter-wave propagation. In location 5, the metallic studs do not obstruct the LOS path. Measurement results show that the penetration loss is 9 dB through the wall between the room and the hallway. The strongest multipath component is still from the transmitter direction. Other major multipath components are reflected waves from the metallic bookshelves. The multipath energy seems to be more diffuse in their AOAs in this NLOS case as compared to the LOS propagation within a room (Fig. 4) . Reflections/scattering of the radio wave from the studs also contribute to the multipath components. In location 6, the metallic stud obstructs the LOS path and the measurement results show that the penetration loss through the wall and the blackboard is as high as 35.5 dB. Since the LOS path was highly attenuated, the maximum multipath power is assumed to be from the reflected path through two glass doors. Other strong multipath components might come from scattering from the large plotter or the studs in the wall.
It is interesting to note that not all the reflections from the metallic studs are significant. In Fig. 6 , for example, only studs on the left side of the LOS path resulted in strong reflections. This is due to the shape of the metallic stud as shown in Fig. 6 . Only the wave impinging on the smooth side of the stud results in strong reflections.
These measurement results clearly demonstrate a strong correlation between the propagation environments and the multipath channel structure. The following general conclusions can be made from all the measurement results.
• For LOS applications, free space propagation and reflection are the dominant propagation mechanisms. When there are no strong reflectors in the propagation environment, the reflected multipath components are at least 10 dB below the LOS component. LOS component and first-order reflected waves contribute a majority of the received signal power. Strong multipath components can result from strong reflectors, such as metallic furniture. When strong reflectors are present, the reflected wave can be comparable to the LOS component. Image-based ray tracing can be used to estimate the channel multipath structure at millimeter-wave frequencies. For installation purposes or a rule-of-thumb estimation, LOS and . AOA measurements for propagation along a hallway (location 2), relative power levels given in polar plots, and peak multipath power (P ) given in text. Fig. 6 . AOA measurements for propagation into rooms (locations 5 and 6), relative power levels given in polar plots, and peak multipath power (P ) given in text.
first-order reflections may be taken into consideration based on the site geometry. For more accurate predictions, ray-tracing with second-order or third-order reflections may be used.
• For NLOS applications, the direct path can be highly attenuated and become comparable to reflected multipath components. As a result, the multipath channel structure may become more diffuse than in LOS environments. When radio waves propagate through plasterboard walls, metallic studs within the wall must be considered. Penetration loss through the composite wall depends on the position and orientation of the studs within the wall. Results of penetration loss measurements are presented in Section IV-E. As shown in the measurement results from locations 5 and 6, reflection and scattering from the metallic studs may result in strong multipath components. More detailed analysis of the effects of different walls on short-path propagation can be found in [15] for 900 MHz, in [16] for 3.0 GHz, and [12] , [17] for 60 GHz. It is worth noting that millimeter-wave systems are mainly proposed for LOS applications. The measurement results and analysis show that site-specific propagation models, such as raytracing, can be used to precisely image the space-time channel for LOS applications.
IV. STATISTICAL PARAMETERS OF THE CHANNEL
Site-specific prediction requires detailed knowledge of the propagation environments. When such information is not available, statistical models can be used to describe general channel properties which are useful for system design or for algorithm testing. This section presents the statistical parameters distilled from all the measurements in different locations. The measured parameters include received signal power, TOA parameters and AOA parameters.
A. Definition of the Statistical Parameters Path Loss and Received Signal Power:
The free-space path loss at a reference distance of is given by (1) where is the wavelength. Path loss over distance can be described by the path loss exponent model as follows:
where is the average path loss value at a TR separation of and is the path loss exponent that characterizes how fast the path loss increases with the increase of TR separation. The path loss values represent the signal power loss from the transmitter antenna to the receiver antenna. These path loss values do not depend on the antenna gains or the transmitted power levels. For any given transmitted power, the received signal power can be calculated as dBm dBm dB dB dB (3) where and are transmitter and receiver gains, respectively. In this measurement campaign, the transmitted power level was 25 dBm, the transmitter antenna gain was 6.7 dB, and the receiver antenna gain was 29 dB.
TOA Parameters: TOA parameters characterize the time dispersion of a multipath channel. The calculated TOA parameters include mean excess delay ( ), rms delay spread ( ), and also timing jitter ( ) and standard deviation ( ), in a small local area. Parameters of and are given as [6] (4)
where and are the power and delay of the multipath component of a PDP, respectively, and is the total number of multipath components.
Timing jitter is calculated as the difference between the maximum and minimum measured values in a local area. Timing jitter and standard deviation are defined as [13] (7)
where is the measured value for parameter ( or ) in the measurement position of the spatial sampling and is the total number of spatial samples in the local area. For example, for the track measurements, was chosen to be 80.
Mean excess delay and rms delay spread are the statistical measures of the time dispersion of the channel. Timing jitter and standard deviation of and show the variation of these parameters over the small local area.
These TOA parameters directly affect the performance of high-speed wireless systems. For instance, the mean excess delay can be used to estimate the search range of rake receivers and the rms delay spread can be used to determine the maximum transmission data rate in the channel without equalization. The timing jitter and standard deviation parameters can be used to determine the update rate for a rake receiver or an equalizer.
AOA Parameters: AOA parameters characterize the directional distribution of multipath power. The recorded AOA parameters include angular spread , angular constriction , maximum fading angle , and maximum AOA direction. Angular parameters , and are defined based on the Fourier transform of the angular distribution of multipath power, [18] (11) (12) Phase (13) where (14) is the Fourier transform of . As shown in [18] , angular spread, angular constriction, and maximum fading angle are three key parameters to characterize the small scale fading behavior of the channel. These new parameters can be used for diversity techniques, fading rate estimation, and other space-time techniques. Maximum AOA provides the direction of the multipath component with the maximum power. It can be used in system installation to minimize the path loss. Detailed measured values of these parameters are presented in Section IV-B.
B. Results of Measured Statistical Parameters
A total of 8848 wideband PDPs and 94 PAPs were recorded in the eight locations, of which 2080 PDPs were recorded through linear track measurements and 6768 PDPs through spin measurements.
A summary of the measurements are presented in Table I  for spin measurements and in Table II for linear track measurements. The presented parameters are averaged results from individual PDPs taken in a small local area. They represent the statistical temporal and spatial characteristics for the measured 60-GHz channels. Sections IV-C to IV-E provide details about AOA parameters, TOA parameters, and the received signal power.
1) AOA Statistics:
• Angular distribution of multipath power: Angular spread, , characterizes the angular distribution of the multipath power. It ranges from 0 to 1, with 0 indicating multipath coming from a single direction and 1 indicating no clear bias in the multipath AOA [18] . Measurement results show that the angular spread ranges from 0.36 to 0.78 for hallway measurements, 0.62 to 0.84 for room measurements, from 0.63 to 0.81 for indoor NLOS propagation, and 0.12 to 0.49 for outdoor measurements with few nearby obstructions. These measurement results show a clear increase of the angular spread from the least cluttered outdoor environments to obstructed NLOS indoor environments. In the hallway where multipath components are mainly constrained along the LOS path, the angular spread is smaller than that in rooms. Also, with the increase of distance along the hallway, the angular spread increases, indicating more multipath coming from different directions which have powers comparable to the LOS component. These angular spread values accurately reflect the correlation between the propagation environments and the multipath angle of arrival distributions.
• Angular constriction: Angular constriction indicates how multipath components are distributed along two directions. It ranges from 0 to 1, with 1 indicating multipath energy equally distributed in two directions. High angular constriction results were observed for close distances in the hallway and in the outdoor measurements near Durham Hall. This is the result of distribution of multipath energy between LOS and strong reflected wave components.
• Maximum fading angle: Maximum fading angle shows the direction of the receiver motion required to achieve maximum fading rate. In the far side of the corridor (locations 1.6 and 1.7, for example), the received signal consists of an LOS path along the corridor and a reflected path from the end of corridor. These two components have opposite directions and thus the maximum fading angle is along the LOS path (close to 0 ). In the near side of the corridor (such as locations 1.1 and 1.2), the main multipath components are from a LOS path and two reflected paths from the sidewalls. The maximum fading angle would be roughly perpendicular to the LOS path. The measurement results show maximum fading angles of 80 and 86 for locations 1.1 and 1.2 and 8.2 and 4.0 for locations 1.6 and 1.7, respectively. These results agree well with the expected values.
• Direction of maximum multipath power: Maximum AOA shows the arrival direction of the strongest multipath component at the receiver. Measurement results show strong dependence of the maximum AOA on the propagation environments. For all LOS locations, almost all maximum AOAs are close to the LOS path within 5 . In locations 6.3 and 6.4, the spin measurements were taken with the track orthogonal to the transmitter direction. The maximum AOAs are at 49 and 49 , which are the exact directions of the LOS paths. For NLOS locations, the maximum AOA is dependent on the specific propagation environments as discussed in Section III.
• Peak to average power ratio: Peak to average power ratio characterizes the power of strongest multipath as compared to the average received power from all directions.
This ratio gauges the increase of the received signal power by pointing the directional antenna in the maximum AOA direction.
• Peak multipath power: Peak multipath power is the power level of the strongest multipath component as deduced from all the pointing angles of the receiver antenna. Received signal power level depends on the transmitter power level and the receiver attenuator settings. Therefore, the power level may change from location to location. We shall concern only the relative power for the same location. For hallway measurements at location 1, for example, the peak multipath power level decreases significantly with the increase of the separation at short distances. At large separation, such as at locations 1.5, 1.6, and 1.7, the peak multipath power remains almost constant. Similar trends were observed for the total received power. This indicates the waveguide effect of the long hallway. Detailed analysis on the received signal level is presented in Section IV-E.
2) TOA Statistics: Channel measurement results are highly dependent on the propagation environments and the measurement system setup. Results from Tables I and II show a significant decrease of TOA delay statistics obtained from the track measurements compared to the spin measurements. For example, the mean excess delay from the track measurements in location 1.1 is only 1.2 ns, while it is 80.0 ns from the spin measurements. When transmitter and receiver antennas are aligned, such as track measurement at location 1.1, the main multipath component is the LOS component. Other multipath components are largely attenuated by the directional antenna, forcing the excess delay to be close to zero. However, if the antennas are not aligned and pointing into different directions, such as in spin measurements, the LOS path is attenuated and becomes comparable to the reflected multipath components, resulting in a significant increase of time delay parameters.
Therefore, for propagation research and system deployment, it is important to use channel propagation characteristics with consideration of the system setups. Table II provides channel parameters for systems with aligned antennas, while Table I presents results for systems with antennas pointing in arbitrary directions such as in a mobile environment.
Next, we summarize the measurement results from TOA measurements.
• RMS delay spread: When the receiver antenna is pointing into different directions, the delay spread is in the range of 7.5 ns to 76.46 ns for hallways and 10.89 ns to 41.01 ns for rooms. The measured delay spreads are in agreement with the measurement results in [19] , where typical measured delay spreads for indoor 60-GHz channels range from 15 ns to 70 ns. When the receiver antenna is fixed, the delay spread is significantly smaller. Typical ranges are from 4.6 to 47.3 ns in the hallways and from 4.7 to 33.9 ns in the rooms.
• Mean excess delay: When the receiver antenna is rotating, the measured is in the range of 41.2 to 116.6 ns for hallways, 42.6 to 77.8 ns for rooms, 41.6 to 91.8 ns for propagation from room to hallway and from room to room, and 24.4 to 56.3 ns for short distance outdoor measurements. In the hallway measurements, increases significantly in the open area near the elevator, such as in location 1.4. Significant reduction of delay was also observed when the antennas were aligned and fixed.
• Timing jitter and standard deviation: Due to the small wavelength of 5 mm at 60 GHz, the radio channel may vary significantly within a small area (on the order of 20 wavelengths). Measurement results show high timing jitter and standard deviation for the measured excess delay and rms delay spread values of all locations. These results present a quantitative measure of the channel variations in a small local area. 3) Received Signal Power: Due to the high diffraction and penetration losses, the millimeter wave channel is mainly determined by LOS path and reflected paths. The received signal power largely depends on the antenna pattern, antenna alignment, and propagation environments. The maximum multipath power from the spin measurements shows the power level of the strongest multipath in all AOA directions. The average power presented in the track measurements shows the spatially averaged power with both antennas aligned. For the majority of the locations, the maximum multipath component has a power level that is higher than the averaged power. The trends of signal level changes are the same for both the maximum multipath power and the average received power. These trends are summarized as following:
• Waveguide effects: For hallway measurements, the received signal power decreased rapidly when the TR separation was increased from 2 to 20 m. After 20 m, the received signal power did not decrease appreciably with the increase of the distance. This trend was observed from both location 1 and location 2 hallway measurements. For instance, the received powers at locations 1.5, 1.6, and 1.7 were almost the same, although TR separation changed from 40 to 50 and 60 m, respectively. This is due to the waveguide effects of the radio wave propagation along the corridor at further separations. At small distances, the reflected wave components are rejected by the directional receiver antenna and waveguide effect is not dominant. However, at long distances, reflected wave components are close to the LOS path and are received by the receiver antenna. The total received field is stronger than it should be from free space propagation and the transmitted wave propagates in a guided fashion. The interplay of the antenna pattern, site geometry and reflected wave components can be explained using the power zone theory [20] .
• Antenna effects and power zone theory: When directional antennas are used, the majority of the radiated energy is concentrated along the LOS path. Power zone plots are developed to characterize the power concentration. When TR separation is relatively small, no obstacles intersect the power zones. And, therefore, the received signal power is mainly from LOS path. As a result, with an increase in distance, the received signal power decreases with a path loss exponent close to 2. However, when TR separation is large, sidewalls of the hallway and the floor are close to the main power zone and reflected power contributes to the total received power. The received signal consists of both LOS component and reflected components along the corridor.
• Penetration losses: Measurements through glass door and interior walls in locations 5 and 6 showed power losses of 8.8 and 35.5 dB through two composite walls and a loss of 2.5 dB through a glass door. These results indicate that the quantity and position of the metallic studs within the composite wall are important factors to determine the penetration loss. When the studs are not blocking the transmission path, the penetration loss is 8.8 dB, comparable to the loss through a plasterboard wall [17] . When the stud is blocking the transmission path, the penetration loss is 35.5 dB, comparable to the loss through a concrete wall [12] , [21] . Rule-of-thumb penetration loss values are presented in Table III. • Scatter plot of path loss values: The total path loss from the transmitter to the receiver was calculated from the measurement results. The scatter plot is presented in Fig. 7 . As shown in Fig. 7 , for LOS propagation, the path loss values are close to the free-space path loss values. For NLOS propagation, high penetration loss values can result in high path loss values. For example, in location 6, the path loss value is as high as 108 dB. This is caused by the 35.5-dB penetration loss through the composite wall.
V. SUMMARY
This work presents an extensive measurement campaign and a detailed analysis of the 60-GHz space-time channel. Multipath components were resolved in space by sweeping a directional antenna and in time by using a spread spectrum sliding correlator system. Measurement results include PDPs, PAPs, received signal power, AOA parameters, and TOA parameters. The PAPs are analyzed in context with site-specific information. Results show strong correlation between the multipath distribution and the propagation environments. Ray tracing of firstorder and second-order reflections seems to be sufficient for channel prediction for LOS applications. Metallic furniture and objects must be considered in the ray tracing model. Measurements through composite walls show that the wall structure can be a crucial factor in determining signal power level as well as multipath structure. Statistical parameters, such as angular spread, peak AOA, and maximum fading rate angle were measured and related to the multipath models. The measured power, AOA, and TOA parameters agree well with the theoretical expectations. These measurement results not only present important empirical values for 60-GHz system design and a fundamental basis for ray tracing development and verification, but also provide a better understanding of the radio wave propagation at millimeter-wave frequencies.
